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@) Photonic frequency routing type time division highway switch. 

@ A photonic frequency routing type time div- 
ision highway switch which requires no conflict 
control at the input side, and incorporates no 
inherent splitting loss of the optical signal 
power. The switch is formed by a plurality of 
tunable frequency converters (3-2-1 to 3-2-M) 
for allocating frequency channels to the optical 
signals on the input highways at each timeslot; 
a frequency router for connecting the optical 
signals outputted from the frequency conver- 
ters to its outputs according to the frequency 
channels allocated to the optical signals at each 
timeslot; and a plurality of frequency multip- 
lexed output buffers (3-4-1 to 3-4-M) for output- 
ting the optical signals outputted from the 
frequency router to the output highways such 
that a plurality of optical signals with different ^ 
frequency channels which are in an identical 
timeslot are outputted at different timeslots. O 
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BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a time division 
highway switch in general, and more particularly to a 
photonic frequency routing type time division high- 
way switch which can be used as a self-routing switch 
in a photonic ATM switching system. 

Description of the Background Art 

A conventionally known MxM photonic frequen- 
cy routing type time division highway switch has a 
typical configuration as shown in Fig. 1, which com- 
prises: M input highways 1-1-1 to 1-1-M connected to 
an input side of a M x M star coupler 1-3 through M 
frequency converters 1-2-1 to 1-2-M, and M output 
highways 1-5-1 to 1-5-M connected to an output side 
of the star coupler 1 -3 through M fixed filters 1-4-1 to 
1-4-M. 

In this configuration, each frequency converter 
assigns a frequency channel corresponding to a de- 
sired output highway for time divisional optical signals 
at each time slot on each input highway connected 
with it. The optical signals on the input highways 1-1- 
1 to 1-1-M are then optically coupled together by the 
star coupler 1-3, and the coupled optical signals are 
equally split among the output highways 1-6-1 to 1-5- 
M. Each fixed filter connected with each output high- 
way takes out only the optical signal of the frequency 
channel corresponding to each output highway con- 
nected with it out of the supplied coupled optical sig- 
nals and outputs it to the output highway connected 
with it In this manner, the switching operation is real- 
ized in this conventional photonic frequency routing 
type time division highway switch by assigning the 
frequency channel at the frequency converter. 

Now, such a conventional photonic frequency 
routing type time division highway switch has been 
associated with the following problems. 

(1) In a case it is necessary to connect two optical 
signals on different input highways to the same 
output highway simultaneously, the same fre- 
quency channel is going to be assigned to both of 
these optical signals. Consequently, these two 
optical signals are going to conflict with each 
other at the star coupler 1-3, i.e., a routing of more 
than one optical signals with the same frequency 
is going to be requested at the same times lot, so 
that there is a need to carry out the conflict con- 
trol at the input side in advance in order to reject 
such conflicting requests. 

(2) The optical signals inputted into the star cou- 
pler 1-3 are going to be equally split and distrib- 
uted among all the output highways 1-5-1 to 1-5- 
M connected to the star coupler 1-3. For this rea- 
son, the optical power of each input optical signal 


is going to be attenuated to 1/M on each output 
highway, where M is a total number of the output 
highways 1-5-1 to 1-5-M. In other words, the con- 
ventional photonic frequency routing type time 
5 division highway switch inherently incorporates 

the splitting loss of the optical signal power. 
On the other hand, a conventionally known pho- 
tonic buffer memory has a typical configuration as 
shown in Fig. 2, which comprises M opto-electronic 
10 converters 2-1-1 to 2-1 -M connected with M input 
ports 1-1 to l-M, an electronic memory 2-2 formed by 
elements such as shift registers connected with the 
opto-electronic converters 2-1-1 to 2-1-M, and an 
electro-optic converter 2-3 connected with the elec- 
ts tronic memory 2-2 and an output port O. 

In this configuration, the optical packet signals in- 
putted from the input ports 1-1 to l-M are converted 
into electrical signals by the opto-electronic conver- 
ters 2-1-1 to 2-1-M, and stored in the electronic mem- 
20 ory 2-2 in forms of the electrical signals. Then, the 
stored signals are converted into optical signals by 
the electro-optic converter 2-3, and outputted to the 
output port O. 

Now, in such a conventional photonic buffer 
25 memory, the optical packet signals must be convert- 
ed into the electrical signals once, so that the band- 
width of the optical packet signals that can be handled 
is going to be limited by the characteristics of the con- 
verters and the memory, and it has been difficult to 
30 handle the high speed optical signals such as the opt- 
ical pulses with a pulse width in an order of pico- 
seconds. 

SUMMARY OF THE INVENTION 

35 

It is therefore an object of the present invention 
to provide a photonic frequency routing type time di- 
vision highway switch which requires no conflict con- 
trol at the input side, and incorporates no inherent 

40 splitting loss of the optical signal power. 

It is another object of the present invention to pro- 
vide a multiple input photonic buffer memory suitable 
for the photonic frequency routing type time division 
highway switch of the present invention, which is ca- 

45 pable of handling high speed time series optical pack- 
et signals with the frequency in an order of 100 Gbit/s 
which randomly arrive from a plurality of input ports. 

According to one aspect of the present invention 
there is provided a photonic frequency routing type 

so time division highway switch for switching optical sig- 
nals on a plurality of time division input highways to 
output highways at each timeslot, comprising: a plur- 
ality of tunable frequency converter means for allo- 
cating frequency channels to the optical signals on 

55 the input highways at each timeslot; a frequency rout- 
er means for connecting the optical signals outputted 
from the frequency converter means to its outputs ac- 
cording to the frequency channels allocated to the 
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optical signals at each timeslot; and a plurality of fre- 
quency multiplexed output buffer means for output- 
ting the optical signals outputted from the frequency 
router means to the output highways such that a plur- 
ality of optical signals with different frequency chan- 5 
nels which are in an identical timeslot are outputted 
at different timesiots. 

According to another aspect of the present inven- 
tion there is provided a photonic frequency routing 
type time division highway switch for switching optical 10 
signals on a plurality of time division input highways 
to output highways at each timeslot, comprising: a 
plurality of photonic frequency routing type time divi- 
sion highway switch modules, each module including: 
a plurality of tunable frequency converter means for is 
allocating frequency channels to the optical signals 
on its inputs at each timeslot; a frequency router for 
connecting the optical signals outputted from the fre- 
quency converter means to its outputs according to 
the frequency channels allocated to the optical sig- 20 
nals at each timeslot; and a plurality of frequency mul- 
tiplexed output buffer means for output ting the optical 
signals outputted from the frequency router to the 
output highways such that a plurality of optical signals 
with different frequency channels which are in an 25 
identical timeslot are outputted at different timesiots; 
and a plurality of internal links for cross-connecting 
the photonic frequency routing type time division 
highway switch modules in multi-stages. 

According to another aspect of the present invert- 30 
tion there is provided a photonic frequency routing 
type time division highway switch for switching optical 
signals on a plurality of time division input highways 
to output highways at each timeslot, comprising: a 
first stage photonic frequency routing type time drvi- 35 
sion highway switch module, including: a plurality of 
first stage tunable frequency convenor means for al- 
locating frequency channels to the optical signals on 
the input highways at each timeslot; and a first stage 
frequency router for connecting the optical signals 40 
outputted from the first stage frequency converter 
means to its outputs according to the frequency chan- 
nels allocated to the optical signals at each timeslot; 
a last stage photonic frequency routing type time di- 
vision highway switch module, including: a plurality of 45 
last stage frequency switch means for selectively 
switching the frequency channels of the optical sig- 
nals on its inputs at each timeslot; and a last stage 
frequency router for connecting the optical signals 
outputted from the last stage frequency switch means so 
to its outputs according to the frequency channels al- 
located to the optical signals at each timeslot; and a 
plurality of last stage frequency multiplexed output 
buffer means for outputting the optical signals output- 
ted from the last stage frequency router to the output 55 
highways such that a plurality of optical signals with 
different frequency channels which are in an identical 
timeslot are outputted at different timesiots; a plural- 


ity of intermediate stage photonic frequency routing 
type time division highway switch modules, each 
module including: a plurality of intermediate stage fre- 
quency switch means for selectively switching the fre- 
quency channels of the optical signals on its inputs at 
each timeslot; and an intermediate stage frequency 
router for connecting the optical signals outputted 
from the intermediate stage frequency switch means 
to its outputs according to the frequency channels al- 
located to the optical signals at each timeslot; and a 
plurality of frequency multiplexed internal links for 
cross-connecting the first, last and intermediate 
stage photonic frequency routing type time division 
highway switch modules in multi-stages. 

Other features and advantages of the present in- 
vention will become apparent from the following de- 
scription taken in conjunction with the accompanying 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic block diagram of a conven- 
tional MxM photonic frequency routing type time di- 
vision highway switch. 

Fig. 2 is a schematic block diagram of a conven- 
tional photonic buffer memory. 

Fig. 3 is a schematic block diagram of one em- 
bodiment of a photonic frequency routing type time 
division highway switch according to the present in- 
vention. 

Fig. 4A is an equivalent circuit diagram of a fre- 
quency router in the configuration of Fig. 3. 

Fig. 4B is a table indicating the frequency chan- 
nel corresponding to each input and output highway 
pair in the frequency router of Fig. 4A. 

Fig. 5 is a schematic diagram of an arrayed wa- 
veguide grating multiplexer filter suitable for the fre- 
quency router in the configuration of Fig. 3. 

Fig. 6 is a block diagram of a tunable frequency 
converter used in the configuration of Fig. 3. 

Fig. 7 is a block diagram of a frequency multi- 
plexed output buffer used in the configuration of Fig. 
3. 

Fig. 8 is a block diagram of one input one output 
FIFO buffer used in the configuration of Fig. 7. 

Fig. 9 is a schematic block diagram of one modi- 
fied configuration for the frequency router in the con- 
figuration of Fig. 3. 

Fig. 10 is a schematic block diagram of one modi- 
ied configuration for the photonic frequency routing 
type time division highway switch according to the 
present invention. 

Fig. 11 is a schematic block diagram of another 
modiied configuration for the photonic frequency 
routing type time division highway switch according 
to the present invention. 

Fig. 12 is a block diagram of a frequency selector 
used in the modified configuration of Fig. 11. 
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Fig. 13 is a block diagram of a photonic buffer 
memory configuration suitable for a frequency multi- 
plexed output buffer used in the configuration of Fig. 
3. 

Fig. 14 is a block diagram of a modified photonic 
buffer memory configuration suitable for a frequency 
multiplexed output buffer used in the configuration of 
Fig. 3. 

Fig. 1 5 is a schematic diagram of a wavelength al- 
location network used in the configuration of Fig. 13. 

Fig. 1 6 is a diagram indicating inputs and outputs 
of an adder in a running adder network used in the 
configuration of ig. 15. 

Fig. 17 is a schematic diagram of an optical rout- 
ing network used in the configuration of Fig. 13. 

Fig. 18 is a diagram indicating flows of optical 
packets within the configuration of Fig. 17. 

Fig. 19 is a block diagram of a fixed wavelength 
converter used in the configuration of Fig. 13. 

Fig. 20 is a block diagram of a tunable wave- 
length converter used in the configuration of Fig. 13. 

Fig. 21 is a block diagram of an optical loop buffer 
used in the configuration of Fig. 13. 

Fig. 22 is a block diagram of a wavelength selec- 
tive 1x2 switch used in the configuration of Fig. 13. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring now to Fig. 3, one embodiment of a 
photonic frequency routing type time division high- 
way switch according to the present invention will be 
described. 

In this embodiment, the photonic frequency rout- 
ing type time division highway switch has a configur- 
ation as shown in Fig. 3, which comprises: M input 
highways 3-1-1 to 3-1-M connected to an input side 
of a M x M frequency router 3-3 through M tunable fre- 
quency converters 3-2-1 to 3-2-M, and M output high- 
ways 3-5-1 to 3-5-M connected to an output side of 
the frequency router 3-3 though M frequency multi- 
plexed output buffers 3-4-1 to 3-4-M. 

In this configuration of Fig. 3, the optical cells on 
each of the input highways 3-1-1 to 3-1-M are as- 
signed with prescribed frequency channels at each 
timeslot by one of the tunable frequency converters 
3-2-1 to 3-2-M provided on each input highway. Here, 
the prescribed frequency channels to be assigned to 
the optical cells are those which correspond to the 
output highways for each input highway as will be 
more fully described below. 

Then, the frequency router 3-3 at which the input 
highways 3-1-1 to 3-1-M are bundled together out- 
puts each incoming optical cell to a prescribed one of 
the output highways 3-5-1 to 3-5-M according to the 
frequency channel assigned to each optical cell. For 
instance, the optical cells "A" and "G" on the 0-th input 
highway 3-1-1 assigned with the frequency channel 


f 0 are outputted to the 0-th output highway 3-5-1, and 
the optical cells "E" and "H" on the 1st input highway 

3- 1-2 assigned with the frequency channel U are also 
outputted to the 0-th output highway 3-5-1 , and so on. 

5 Here, in general, the suffix i of the frequency channel 
ft entering from the j-th input highway 3-1-j and out- 
putted to the k-th output highway 3-5-k can be ex- 
pressed as the residue system of base M, i.e.: 
i = (j + k) modulo M (1) 

w In order to indicate the frequency channels which 

determine the input and output highway connections 
at the frequency router 3-3, the equivalent circuit di- 
agram of this frequency router is shown in Fig. 4A 
while the frequency channel corresponding to each 

15 input and output highway pair is tabulated in Fig. 4B. 
The circuit configuration of Fig. 4A comprises M de- 
multiplexers 4-2-1 to 4-2-M connected with the input 
highways 4-1-1 to 4- 1-M, respectively, M multiplexers 

4- 4-1 to 4-4-M connected with the output highways 4- 
20 5-1 to 4-5-M, respectively, and M 2 internal links 4-3- 

1 to 4-3-M 2 interconnecting the demultiplexers 4-2-1 
to 4-2-M with the multiplexers 4-4-1 to 4-4-M so as to 
realize the relationship of the above equation (1) 
which is summarized in the table of Fig. 4B. Here, the 

25 optical cells on the input highways which are going to 
be connected with a particular output highway have 
mutually different frequency channels, so that they 
can be distinguished from each other even when they 
arrive simultaneously. Those optical cells which are 

30 arriving at the frequency router 3-3 simultaneously 
are subsequently outputted to different timeslots by 
the frequency multiplexed output buffers 3-4-1 to 3- 
4-M. 

This frequency router 3-3 can be realized by us- 

35 ing an arrayed waveguide grating filter shown in Fig. 
5, as disclosed in Japanese Patent Application Laid 
Open No. 2-2444105 (1990), which comprises: M in- 
put optical waveguides 5-1-1 to 5-1-M.M output opt- 
ical waveguides 5-5-1 to 5-5-M, and an arrayed wa- 

40 veguide grating 5-4 connected with the input optical 
waveguides 5-1-1 to 5-1 -M through a slab shaped 
optical waveguide 5-2 and with the output optical wa- 
veguides 5-5-1 to 5-5-M through a slab shaped opti- 
cal waveguide 5-3. The frequency multiplexed optical 

45 cells entering from each of the input optical wave- 
guides 5-1-1 to 5-1 -M are diffracted by the slab shap- 
ed optical waveguide 5-2, and entered into the ar- 
rayed waveguide grating 5-4. Here, due to the non-in- 
terference property of the lights, the optical cells en- 

50 tering from a plurality of input optical waveguides 5- 
1-1 to 5-1-M at the slab shaped optical waveguide 5- 

2 are going to be entered into the arrayed waveguide 
grating 5-4 independently from each other. 

The arrayed waveguide grating 5-4 comprises a 
55 sufficient number of channel waveguides for receiv- 
ing all the input lights spread out by the diffraction, 
where the channel waveguides have mutually differ- 
ent lengths so as to function as a diffraction grating. 
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Namely, at this arrayed waveguide grating 5-4, the 
optical cells in different frequencies are propagated 
through the arrayed waveguides, and deflected into 
directions corresponding to the respective frequen- 
cies. Then, each optical cell is independently con- 5 
verged onto the output optical waveguides 5-5-1 to 5- 

5- M by the slab shaped optical waveguide 5-3. Here, 
due to the angular dispersion of the arrayed wave- 
guide grating, the converging positions are different 

for different frequencies. 10 

In this manner, a filter in which the input and out- 
put optical waveguide connections are different for 
different frequencies can be constructed. Since this 
filter is the optical passive circuit, the assignment of 
the frequency channels shown in Fig. 4B can be de- 15 
termined by its reciprocity. In addition, this filter is 
loss free in principle. 

Each of the tunable frequency converters 3-2-1 
to 3-2-M has an exemplary configuration shown in 
Fig. 6, which comprises: an input highway 6-1 before 20 
the frequency conversion, a splitter 6-2 connected 
with the input highway 6-1, photo-detectors 6-3 and 

6- 4 connected with the splitter 6-2, a header analyzer 
6-5 connected with the photo-detector 6-3, a tunable 
frequency semiconductor laser 6-6 connected with 25 
the header analyzer 6-5, an optical intensity modula- 
tor 6-7 connected with the photo-detector 6-4 and the 
tunable frequency semiconductor laser 6-6, and an 
input highway 6-8 after the frequency conversion 
which is connected with the optical intensity modula- 30 
tor 6-7. 

In this configuration of Fig. 6, time division sig- 
nals entered from the input highway 6-1 are split by 
the splitter 6-2, and converted into high speed elec- 
trical signals by the photo-detectors 6-3 and 6-4. The 35 
electrical signals obtained by the photo-detector 6-4 
are then used for driving the optical intensity modula- 
tor 6-7. On the other hand, the electrical signals ob- 
tained by the photo-detector 6-3 are supplied to the 
header analyzer 6-5, at which the header portion of 40 
the signals alone is separated and analyzed, and a 
control signal corresponding to the frequency chan- 
nel of the destination is generated according to the 
analysis of the separated header portion. Then, the 
obtained control signal is supplied into the tunable 45 
frequency semiconductor laser 6-6 so as to generate 
a laser beam of the prescribed frequency specified by 
the control signal at each timeslot Then, the laser 
beam supplied from the tunable frequency semicon- 
ductor laser is modulated at the optical intensity mod- so 
ulator 6-7 according to the electrical signals supplied 
from the photo-detector 6-4. 

Here, it is possible to construct the entire fre- 
quency convertor optically if it is possible to use an 
optically controllable optical intensity modulator, or a 55 
tunable frequency semiconductor laser that can be 
optically controlled to directly modulate the generated 
laser beam. 
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Each of the frequency multiplexed output buffers 
3-4-1 to 3-4-M has an exemplary configuration as 
shown in Fig. 7, in which a one input one output FIFO 
buffer is provided for each frequency channel. More 
specifically, this configuration of Fig. 7 comprises: an 
input signal line 7-1, a demultiplexer 7-2 connected 
with the input signal line 7-1, optical waveguides 7-3- 
1 to 7-3-M connected with outputs of the demultiplex- 
er 7-2, signal discarding lines 7-4-1 to 7-4-M for dis- 
carding signals from the optical waveguides 7-3-1 to 
7-3-M, respectively, one input one output FIFO buf- 
fers 7-5-1 to 7-5-M connected with the optical wave- 
guides 7-3-1 to 7-3-M, respectively, an M x 1 switch 
7-6 connected with outputs of the one input one out- 
put FIFO buffers 7-5-1 to 7-5-M, and an output high- 
way 7-7 connected with an output of the M x 1 switch 
7-6. 

In this configuration of Fig. 7, the frequency mul- 
tiplexed buffer input signals are demultiplexed by the 
demultiplexer 7-2 and distributed to the optical wave- 
guides 7-3-1 to 7-3-M for respective frequency chan- 
nels. The time divisional signals of each f requency 
channel are then buffered by the respective one input 
one output FIFO buffers 7-5-1 to 7-5-M connected 
with the optical waveguides 7-3-1 to 7-3-M. The M x 
1 switch 7-6 selects only one of the output signals of 
the one input one output FIFO buffers 7-5-1 to 7-5-M 
and outputs the selected output signal to the output 
highway 7-7. 

Here, each of the one input one output FIFO buf- 
fers 7-5-1 to 7-5-M can be constructed in a configur- 
ation shown in Fig. 8, as described by R-A. Thompson 
in "Optimizing Photonic Variable-Integer-Delay Cir- 
cuits", Topical Meeting on Photonic Switching, March 
18-20, 1987, pp. 141-143. More specifically, this con- 
figuration of Fig. 8 comprises: an input line 8-1,1x2 
switch 8-2 connected with the input line 8-1, a signal 
discarding line 8-3 connected with the 1 x 2 switch 8- 
2, a plurality of 2 x 2 switches 8-4-1 to 8-4-R connect- 
ed in series with the output of the 1x2 switch 8-2, loop 
shaped optical waveguides 8-5-1 to 8-5-R attached to 
the 2 x 2 switches 8-4-1 to 8-4-R, respectively, and 
an output line 8-6. In this configuration of Fig. 8, each 
of the loop shaped optical waveguides 8-5-1 to 8-5- 
R has a circumferential length equal to a unit length 
for switching of the signals, such that each loop func- 
tions as one buffer. The 2x2 switches 8-4-1 to 8-4- 
R are controlled such that any newly arriving signal is 
stored in an empty loop closest to the output side, and 
whenever the signal stored at the last (closest to the 
output side) loop 8-5-R is output ted, all the other sig- 
nals stored in the other loops are forwarded to next 
loops. The signal arriving when all the loops are filled 
by the signals is going to be discarded by the 1 x 2 
switch 8-2 through the signal discarding line 8-3. 

In the photonic frequency routing type time divi- 
sion highway switch of this embodiment as described 
above, the frequency router 3-3 is only connecting 
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the optical signals entered from a plurality of input 
highways 3-1-1 to 3-1-M to the output highways 3-5- 
1 to 3-5-M in units of the frequency channels, and not 
distributing the input signals to the output highways 3- 
5-1 to 3-5-M. Consequently, in principle, the optical 
signals can be transmitted without any loss. In addi- 
tion, the signals from the different inputs to the same 
output always have different frequency channels, so 
that there is no need for the conflict control at the in- 
put side because each of the frequency multiplexed 
output buffers 3-4-1 to 3-4-M outputs the signals on 
the same timeslot at the different timeslots. 

Thus, according to this embodiment, it is possible 
to provide a photonic frequency routing type time di- 
vision highway switch which requires no conflict con- 
trol at the input side, and incorporates no inherent 
splitting loss of the optical signal power. 

Now, the modifications of the above embodiment 
will be described. 

Fig. 9 shows a modified configuration in which a 
multi-terminal frequency router is constructed by con- 
necting a plurality of unit frequency routers each of 
which has a limited number of terminals. More specif- 
ically, this configuration of Fig. 9 comprises: MN 
pieces of input highways 9-1-1 to 9-1-MN, N pieces 
of M x M frequency routers 9-2-1 to 9-2-N connected 
with the input highways 9-1-1 to 9-1-MN, M pieces of 
N x N frequency routers 9-4-1 to 9-4-M cross- 
connected with the M x M frequency routers 9-2-1 to 
9-2-N through internal links 9-3-1 to 9-3-MN, and MN 
pieces of output highways 9-5-1 to 9-5-MN connected 
with the N x N frequency routers 9-4-1 to 9-4-M, 
where M and N are relatively prime natural numbers. 

When the frequency channel interval is set to be 
Af, the M x M frequency routers 9-2-1 to 9-2-N have 
an FSR (Free Spectral Range) equal to MAf, while the 
N x N frequency routers 9-4-1 to 9-4-M have an FSR 
equal to NAf. For example, the signals in the frequen- 
cy channels f 0 to f MN _ ^ entered from the input highway 
(0, 0) 9-1-1 are demultiplexed into M groups of N 
channels and lead to the internal finks (0,0) 9-3-1 to 
(M-1, 0). N channels on the internal link (0, 0) 9-3-1 
are then demultiplexed in units of channels by the N 
x N frequency router 9-4-1 in the second stage and 
lead to the output highways (0, 0) 9-5-1 to (0, N-1). 
Here, M and N are required to be relatively prime 
natural numbers as mentioned above, and in general, 
the suffix i1 of the frequency channel f M for connect- 
ing the input (j, x ) anc * 

the input (k, x), where x = 0, 1, — , N-1 is expressed 
as: 

11 = [(j + k) modulo M] + nM (2) 
where n = 0, 1 , — , N- 1 , while the suffix i2 of the fre- 
quency channel f E for connecting the input (y, j) and 
the input (y, k) t where y = 0, 1, — , M-1 is expressed 
as: 

12 = [0 + k) modulo N] + mN (3) 
where m = 0, 1, — , M-1. 


It is to be noted that although Fig. 9 only shows 
a simplest case of two stage connections, the multi- 
stage connection with three or more stages of the fre- 
quency routers can be constructed similarly. In such 

5 a generalized case of the multi-stage connection, 
there is a requirement that the number of terminals at 
each stage must be relatively prime with the number 
of terminals at every other stage. 

Fig. 10 shows a modified configuration in which 

w a multi-terminal highway switch is constructed by 
connecting a plurality of highway switch modules 
each of which has a single frequency router with a lim- 
ited number of terminals. More specifically, this con- 
figuration of Fig. 10 comprises: MN pieces of input 

15 highways 10-1-1 to 10-1-MN, N pieces of M x M high- 
way switch modules 10-2-1 to 10-2-N connected with 
the input highways 10-1-1 to 10-1-MN, M pieces of N 
x N highway switch modules 10-4-1 to 10-4-M cross- 
connected with the M x M highway switch modules 

20 10-2-1 to 10-2-N through internal links 10-3-1 to 10- 
3-MN, and MN pieces of output highways 10-5-1 to 
10-5-MN connected with the N x N highway switch 
modules 10-4-1 to 10-4-M, where M and N are natural 
numbers. Here, each one of the MxM highway switch 

25 modules 10-2-1 to 10-2-N and the N x N highway 
switch modules 10-4-1 to 10-4-M has a configuration 
similar to that shown in Fig. 3 described above. 

It is to be noted that although Fig. 10 only shows 
a simplest case of two stage connections, the multi- 

30 stage connection with three or more stages of the 
highway switch modules can be constructed similar- 
ly. 

Fig. 11 shows another modified configuration in 
which a multi-terminal highway switch is also con- 

35 structed by connecting a plurality of highway switch 
modules each of which has a single frequency router 
with a limited number of terminals. More specifically, 
this configuration of Fig. 11 comprises: MN pieces of 
input highways 11-1-1 to 11-1-MN, N pieces of M x M 

40 highway switch modules 11-A-1 to 11-A-N connected 
with the input highways 11-1-1 to 11-1-MN, M pieces 
of N x N highway switch modules 11-B-1 to 11-B-M 
cross-connected with the M x M highway switch mod- 
ules 11-A-1 to 11-A-N through frequency multiplexed 

45 internal links 11-4-1 to 11-4-MN, and MN pieces of 
output highways 11-11-1 to 11-11-MN connected with 
the N x N highway switch modules 11-B-1 to 11-B-M, 
where M and N are natural numbers. 

Here, the M x M highway switch module 11-A-1 

so comprises: frequency converters 11-2-1 to 11-2-M 
connected with the input highways 11-1-1 to 11-1-M; 
and a frequency router 11-3-1 connected with the fre- 
quency converters 11-1-1 to 11-1-M on its input side 
and with frequency multiplexed internal links 11-4-1 

55 to 11-4-M on its output side. Each of the other MxM 
highway switch modules 11-A-2 to 11-A-N also has a 
similar configuration. 

On the other hand, the N x N highway switch 
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module 11-B-1 comprises: frequency switches 11-S- 
1 to 11-S-N connected with the frequency multiplexed 
internal links from the M x M highway switch modules 
11-A-1 to 11-A-N; a frequency router 11-9-1 connect- 
ed with the frequency switches 11-S-1 to 11-S-N on 5 
its input side; frequency multiplexed output buffers 
11-10-1 to 11-10-N connected with the output side of 
the frequency router 11-9-1; and output highway 11- 
11-1 to 11-11-N connected with the frequency multi- 
plexed output buffers 11-10-1 to 11-10-N. Each of the 10 
other N x N highway switch modules 11-B-2 to 11-B- 
N also has a similar configuration. Here, the frequen- 
cy switch 11-S-1 comprises: a 1 x k splitter 11-5-1 
connected with the internal link 11-4-1; k pairs of fre- 
quency selector 11-6-1 and frequency converter 11- is 
7-1, each of which is connected with each output of 
the 1 x k splitter 11-5-1; and a k x 1 combiner 11-8-1 
connected with the pair of frequency selector 11-6-1 
and frequency converter 11-7-1 on its input side and 
with the frequency router 11-9-1 on its output side. 20 
The frequency switches 11-S-2 to 11-S-MN also has 
a similar configuration. 

In this configuration of Fig. 11 , each of the M x M 
highway switch modules 11-A-1 to 11-A-N in the first 
stage has a frequency multiplexed output buffer miss- 25 
ing from the configuration of Fig. 3, so that it has no 
buffering function, and therefore the frequency mul- 
tiplexed signals are transmitted as they are to the N 
x N highway switch modules 11-B-1 to 11-B-M in the 
second stage. Each of the N x N highway switch mod- 30 
ules 11-B-1 to 11-B-M has the frequency switch in 
place of the tunable frequency converter in the con- 
figuration of Fig. 3. 

The frequency multiplexed signals entered from 
the frequency multiplexed internal links are distribut- 35 
ed into k groups by the splitter 11-5-1 and supplied 
into the k frequency selectors 11-6-1, each of which 
selectively outputs one channel so that at most k 
channels can be selectively outputted from the fre- 
quency selectors 11-6-1 collectively. Here, the splitter 40 
11-5-1 can receive at most M channels of signals, but 
when k < M, the signals of the channels exceeding k 
are discarded. The selected signals are then convert- 
ed into the prescribed frequency channels by the fre- 
quency converter 11-7-1, combined by the combiner 45 
11-8-1, and supplied into the frequency router 11-9- 
1. 

The frequency selector 11-6-1 has an exemplary 
configuration as shown in Fig. 12, which comprises: 
an input port 12-1 for entering the frequency multi- so 
plexed signals; an output port 12-2 for output ting the 
selected signal; a ring shaped optical resonator 12-3 
connected between the input port 12-1 and the output 
port 12-2; directional couplers 12-4-1 and 12-4-2 for 
coupling the ring shaped optical resonator 12-3 with 55 
the input port 12-1 and the output port 12-2, respec- 
tively; a phase shifter 1 2-5 for shifting the optical car- 
rier phase of the signal on the ring shaped optical res- 


onator 12-3, and a power source 12-6 for the phase 
shifter 12-5. In this configuration of Fig. 12, among 
the frequency multiplexed signals entered from the 
input port 12-1, only the frequency channel which co- 
incides with the resonance frequency of the ring 
shaped optical resonator 1 2-3 is outputted to the out- 
put port 12-2. Here, the resonance frequency of the 
ring shaped optical resonator 12-3 can be changed by 
appropriately adjusting the phase shifter 12-5 to 
change the optical path length of the ring shaped opt- 
ical resonator 1 2-3 in accordance with the desired fre- 
quency channel to be selected. When the phase shift- 
er 12-5 is adjusted at each timeslot, it is possible to 
realize the high speed selection of the frequency 
channel. 

Also, there may be a case in which all of these k 
signals are to be connected to the same output high- 
way, so that in order to prevent the potential conflict 
at the frequency router 11-9-1, the conversion band- 
width of each frequency converter 11-7-1 is set to be 
different from the conversion bandwidths of the other 
frequency converters of the same frequency switch 
11-S-1. More specifically, in general f h f Mi9 — , fi+<k-i)N 
(i = 0, 1, - — , N-1) are the frequency channels which 
are going to be connected to the same output high- 
way. 

It is to be noted that although Fig. 11 only shows 
a simplest case of two stage connections, the multi- 
stage connection with three or more stages of the 
highway switch modules can be constructed similar- 
ly. In such a generalized case of the multi-stage con- 
nection, only the highway switch modules at the last 
stage are to be in the configuration of the N x N high- 
way switch modules 11-B-1 to 11-B-M described 
above, while the highway switch modules at all the 
other stages are to be in the configuration of the M x 
M highway switch modules 11-A-1 to 11-A-N descri- 
bed above. 

In this modified configuration of Fig. 11, the 
throughput characteristic of the switching network as 
a whole can be improved compared with a modified 
configuration of Fig. 10 described above, as the inter- 
nal links are made to be frequency multiplexed in Fig. 
11 unlike the case of Fig. 10. Moreover, this modified 
configuration is advantageous from the viewpoint of 
the system construction because the buffers can be 
arranged collectively at the last stage alone, without 
distributing the buffers at any other stages. 

Referring now to Fig. 1 3, another embodiment of 
a photonic buffer memory configuration suitable for 
the frequency multiplexed output buffer in the photon- 
ic frequency routing type time division highway 
switch of Fig. 3 will be described in detail. 

Fig. 13 shows an overall configuration of the pho- 
tonic buffer memory in this embodiment, which com- 
prises: M x N optical routing network 13-1 connected 
with M pieces of input ports 1-1 to l-M on its input side; 
N pieces of fixed wavelength converters 13-2-1 to 13- 
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2-N connected with the output side of the optical rout- 
ing network 1 3-1 ; an optical multiplexer 1 3*3 connect- 
ed with the fixed wavelength converters 13-2-1 to 13- 
2-N on its input side; an optical loop buffer 13-4 con- 
nected between the output side of the optical multi- 
plexer 13-3 and an output port 0; M pieces of optical 
packet detectors 1 3-5-1 to 1 3-5-M connected with the 
input ports 1-1 to l-M; a wavelength allocation network 
13-6 connected with the optical packet detectors 13- 
5-1 to 1 3-5-M on its input side as well as with the opt- 
ical loop buffer 13-4 on its output side; and a self- 
routing control network 13-7 connected with the wa- 
velength allocation network 13-6 on its input side as 
well as with the optical routing network 13-1 on its 
output side. 

With this configuration of Fig. 13, this photonic 
buffer memory operates as follows. 

The input optical packets are entered through 
any of the M input ports 1-1 to l-M at the constant tim- 
ings which are repeatedly synchronized into the opt- 
ical routing network 13-1. At the same time, the input 
optical packets entered through any of the input ports 
1-1 to l-M are converted into electrical signals by the 
corresponding ones of the optical packet detectors 
13-5-1 to 1 3-5-M, and outputted as the control pack- 
ets through the wavelength allocation network 13-6. 
Each of these control packets comprises an active bit 
AC indicating a presence or absence of a signal and 
a wavelength allocation field RA. Here, when each 
optical packet detector 2-5-k (k = 1 to M) detects the 
optical signal, the active bit AC of the corresponding 
control packet is set to "1", whereas otherwise the ac- 
tive bit AC of the corresponding control packet is set 
to "0". Also, in either case, the wavelength allocation 
field RA is set equal to the value of the active bit AC. 
Then, the control signal for controlling the optical 
routing network 13-2 is generated by the wavelength 
allocation network 13-6 and the self-routing control 
network 1 3-7, 

The wavelength allocation network 13-6 has an 
exemplary configuration as shown in Fig. 15 in an ex- 
emplary case of 16 x 16 configuration, which com- 
prises a running adder network 15-1 formed by regu- 
larly arrayed adders, and an encoder group 15-2 con- 
nected with the outputs of the running adder network 
15-1. 

The running adder network 15-1 calculates the 
running sum of the packets arriving simultaneously, 
and outputs the obtained running sum as the control 
packet Namely, as indicated in Fig. 16, each adder 
15-1-i constituting the running adder network 15-1 
basically receives two input packets A and B, and out- 
puts two output packets C and D. Here, as shown in 
Fig. 1 8, the input packet A is a packet which is entered 
downwards from an upper side node while the input 
packet B is a packet which is entered to the right from 
a left side node, and the output packet C is a packet 
which is outputted to the right to a right side node 


while the output packet D is a packet which is output- 
ted downwards to the lower node. 

Each of the input packets A and B and the output 
packets C and D comprises the AC field and the RA 

5 field, which are indicated by the subscripts AC and RA 
accompanying the packet symbols A to D in Fig. 16. 
As indicated in Fig. 16, the adder 15-1-i outputs the 
output packet C which has the AC field C AC having a 
value equal to that of the AC field B AC of the input 

10 packet B and the RA field Cra having a value equal 
to a sum of the value of the RA field Ara of the input 
packet A and the value of the RA field Bra of the input 
packet B. Also, the adder 15-1-i outputs the output 
packet D which has the AC field D AC having a value 

15 equal to that of the AC field A AC of the input packet A 
and the RA field Dra having a value equal to that of 
the RA field Ara of the input packet A. 

Fig. 15 shows an exemplary packets outputted at 
each node of the running adder network 15-1 when 

20 nine packets with the value "1" for both the AC field 
and the RA field have arrived simultaneously, where 
the output packet at each node is represented by two 
digits number formed by a first digit indicating the val- 
ue of the AC field and a second digit indicating the val- 

25 ue of the RA field. At 1 6 output nodes of the running 
adder network 15-1 corresponding to 16 input nodes 
of the encoder group 15-2, the packets indicating the 
running sums of the input packets calculated by the 
running adder network 1 5-1 are outputted. More spe- 

30 cif ically, the AC field of the output packet at each out- 
put node has the value "1 " when the input packet was 
entered through the corresponding input node, or the 
value "0* otherwise. Also, the RA field of the output 
packet at each output node has the value indicating 

35 an order of the input packet at the corresponding input 
node among all the input packets entered at the input 
nodes counted from above, i.e., the running sum. In 
the exemplary case shown in Fig. 15, the input pack- 
ets are entered at the input ports Nos. 1 , 3, 4, 5, 8, 9, 

40 1 2, 1 3, and 1 4, so that the output packets with the AC 
field having a value "1" are outputted at the 1st, 3rd, 
4th, 5th, 8th, 9th, 12th, 13th, and 14th output nodes 
corresponding to these input nodes among the 16 
output nodes of the running adder network 15-1 , and 

45 the RA fields of these output packets at the 1st, 3rd, 
4th, 5th, 8th, 9th, 12th, 13th, and 14th output nodes 
have values equal to 1, 2, 3, 4, 5, 6, 7, 8, and 9, re- 
spectively. 

The encoder group 15-2 converts the packet in- 
so dicating the running sum outputted from the running 
adder network 15-1 as described above into the con- 
trol packet for controlling the optical routing network 
1 3-1 according to the following wavelength allocation 
algorithm, by which the encoder group 15-2 outputs 
55 the signal determining which wavelength is to be al- 
located to which optical packet. Here, in order to ex- 
plain this wavelength allocation algorithm, the follow- 
ing variables are defined. 
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N: a number of equivalent buffers, i.e., a number 
of wavelengths to be multiplexed at the optical loop 
buffer 13-4. Here, the wavelengths to be multiplexed 
at the optical loop buffer 1 3-4 are assigned with num- 
bers 0, 1, 2 f — , N-1 (N = 8 in the following example). 5 

Q: a number of optical packets stored in the buf- 
fer when a new optical packet arrives (Q = 0 to N). 

F: a number assigned to the wavelength of the 
optical packet outputted at the immediately previous 
timeslot (F = 0 to N-1 , and F = N-1 in the following ex- 10 
ample). 

ACi(m)/RAi(m): a value of the AC/RA of the con- 
trol packet entered in to the encoder corresponding to 
the m-th input port (m = 1 to M). 

ACo(m)/RAo(m): a value of the AC/RA outputted is 
from the encoder corresponding to the m-th input port 
(m = 1 to M). 

Asshown in Fig. 15, the encoder group 15-2 com- 
prises a plurality of encoders connected together in a 
ring shape. In this encoder group 1 5-2 f the number Q 20 
of optical packets stored in this photonic buffer mem- 
ory is notified to every encoder through a ring shaped 
connection. Then, each encoder updates the values 
of the AC and RA fields of the control packet when- 
ever the control packet is received from the running 25 
adder network 15-1 as follows. 

(1) If ACi(m) = 0, then ACo(m) = 0 and RAo(m) = 
0 

(2) If Aci(m) = 1 and Q + RAi(m) ^ N, 

then ACo(m) = 1 and RAo(m) = 30 
(F+Q+RAi(m)) mod N 

(3) If Aci(m) = 1 and Q + RAi(m) > N, 

then ACo(m) = 0 and RAo(m) = 0 
The above (1) is an update rule applied in a case 
there is no input packet. In this case, ACo(m) = 0 is 35 
sent to the self-routing control network 1 3-7. As a re- 
sult, the connection structure within the optical rout- 
ing network 13-1 is switched according to this control 
packet having ACo(m) = 0 by the self-routing control 
network 13-7 such that the optical packet from the 40 
corresponding m-th input port is going to be blocked 
within the optical routing network 13-1. 

The above (2) is an update rule applied in a case 
a value in which the number Q of the optical packets 
currently stored in the buffer is added with a running 45 
sum RAi(m) of the newly entered optical packet is less 
than or equal to the buffer capacity. In this case, 
ACo(m) = 1 is sent to the self-routing control network 
13-7. As a result, the connection structure within the 
optical routing network 13-1 is switched according to so 
this control packet having ACo(m) - 1 by the self- 
routing control network 13-7 such that the optical 
packet from the corresponding m-th input port is go- 
ing to be handled as an active packet in the optical 
routing network 1 3-1 . As for the RA field, the wave- 55 
length at a time of storing in the buffer is determined 
by taking the residue with respect to N of a sum of 
Q+RAi(m) and the number F of the wavelength out- 


putted at the immediately previous timeslot 

The above (3) is an update rule applied in a case 
of the buffer overflow. In this case, the corresponding 
optical packet is discarded within the optical routing 
network 13-1. 

In the above, Q and F are variables indicating the 
next timeslot, and their values are updated as follows. 
Qnew = [ffQoid + RAi(m) - 1, N]min), 0]max 
F„«* = (F dd + 1) mod N 

Namely, the variable Q is updated to a value in 
which the number 1 of the optical packet outputted is 
subtracted from RAi(m) which is the total sum of a 
number of the already stored optical packets and a 
number of newly entered optical packets. Here, how- 
ever, in a case the updated value is going to exceed 
the buffer capacity, it is updated to N, and in a case 
the updated value is going to be a negative value, it 
is updated to 0. This value is notified to every encoder 
through the ring shaped connection connecting the 
encoders of the encoder group 15-2 as already men- 
tioned above. Also, the variable F is updates to a val- 
ue in which it is increased by one with respect to the 
buffer capacity N as a base number. This value is sent 
to the optical loop buffer 13-4 where it is used as the 
output wavelength selection signal F. 

The self-routing control network 13-7 then gen- 
erates the control signal for switching the connection 
state within the optical routing network 13-1 accord- 
ing to the control packet so obtained by the wave- 
length allocation network 13-6. 

The optical routing network 13-1 has a configur- 
ation as shown in Fig. 17, which comprises: M pieces 
of optical gate switches 17-1-1 to 17-1-M; M/N pieces 
of N x N reverse Banyan optical network 17-2-1 to 17- 
2-[M/N], each of which is connected with N optical 
gate switches among the optical gate switches 17-1- 
1 to 17-1-M; and N pieces of optical combiners 17-3- 
1 to 17-3-N, each of which is connected with one out- 
put of each of the N x N reverse Banyan optical net- 
work 17-2-1 to 17-2-[M/N], Here, [M/N] indicates the 
minimum integer greater than or equal to M/N, so that 
when M is not divisible by N, the last optical reverse 
Banyan network having N input ports would not use 
M mod N pieces of the input ports among the N input 
ports. 

On the other hand, the self-routing control net- 
work 13-7 also has a configuration similar to that of 
the optical routing network 13-1 of Fig. 17, which 
comprises the reverse Banyan networks along with 
electrical switches instead of the optical gate 
switches, where the electrical switches of the self- 
routing control network 13-7 makes one -to-one cor- 
respondence with the optical gate switches of the opt- 
ical routing network 13-1 such that the control logic 
of the self-routing control network 13-7 is exactly the 
same as the control logic of the optical routing net- 
work 13-1. Here, the reverse Banyan network has a 
characteristic of being non-blocking as long as the in- 
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put control packet signals have the addresses to be 
distributed to the outputs in an order. Therefore, in the 
optical routing network 13-1, the optical packets are 
distributed to the outputs specified the RA fields of 
the control packets without any blocking, For exam- 
ple, in a case of M = 16 and N = 8, the flows of the 
optical packets within the optical routing network 13- 
1 appears as shown in Fig. 18. In this Fig, 1 8, the opt- 
ical routing network 13-1 comprises the optical gate 
switch portion 17-1, the reverse Banyan network por- 
tion 17-2, and the optical combiner portion 17-3, just 
as in the configuration of Fig. 17. 

The flows of the optical packets shown in Fig. 18 
are as follows. First, the selections of the packets are 
made at the optical gate switch portion 17-1 accord- 
ing to the AC fields of the entered optical packets, 
where the packet with the AC field having a value "1 " 
is passed while the packet with the AC field having a 
value "0" is blocked. Then, the optical switches at the 
optical gate switch portion 17-1 and the reverse Ban- 
yan network portion 17-2 are switched according to 
the signals obtained by the self-routing control net- 
work 13-7 according to the RA fields of the entering 
packets. Then, the optical packets arriving at the opt- 
ical routing network 13-1 flow through the optical 
switches in the connection state set up as described 
above, along the routes indicated by thick solid lines 
in Fig. 18, and reach to the optical combiner portion 
17-3. The optical packets combined at the optical 
combiner portion 17-3 are then supplied to the f ixed 
wavelength converters 13-2-1 to 13-2-N connected 
with the optical combiners 17-3-1 to 17-3-N, respec- 
tively. The optical packets entered into the fixed wa- 
velength converters 13-2-1 to 13-2-N are then con- 
verted into the optical packets with the wavelengths 
specific to the respective fixed wavelength conver- 
ters 13-2-1 to 13-2-N, and supplied into the optical 
multiplexer 13-3. Then, the optical packets multi- 
plexed by the multiplexer 13-3 are outputted to the 
optical loop buffer 1 3-4, which outputs one optical 
packet at one timeslot according to the wavelength 
selection signal F supplied from the wavelength allo- 
cation network 13-6. 

Each of the fixed wavelength converters 13-2-1 
to 13-2-N has an exemplary configuration shown in 
Fig. 19, in which the entered optical packets are used 
as the modulation signals for directly modulating the 
fixed wavelength semiconductor laser 19-1. Namely, 
the modulation is made as the carriers are generated 
within the semiconductor of the semiconductor laser 
due to the optical signal power of each optical packet 
entered into the semiconductor laser such that the in- 
dex of refraction is changed. Here, the semiconductor 
laser has the fixed predetermined oscillation wave- 
length so that the value of the input optical packet sig- 
nal is carried by the carrier of that predetermined os- 
cillation wavelength. 

The optical loop buffer 13-4 has an exemplary 


configuration as shown in Fig. 21, in which the wave- 
length multiplexed input optical packets are entered 
through an optical combiner 21-1 into an optical loop 
delay line 21-2 and stored therein in the multiplexed 

5 state. On the other hand, a wavelength selective 1 x 
2 switch 21-3 selectively outputs the optical packet 
having a specific wavelength alone among the optical 
packets stored in the optical loop delay line 21-2 ac- 
cording to the control (wavelength selection) signal F 

10 supplied from the wavelength allocation network 1 3- 
6. More specifically, the wavelength selective 1x2 
switch 21-3 outputs the optical packets circulating in 
the optical loop delay line 21-2 in an order of their wa- 
velength numbers. 

15 The wavelength selective 1x2 switch has an ex- 

emplary configuration as shown in Fig. 22 which com- 
prises a ring shaped optical resonator 22-4 having 
optical couplers 22-5-1 and 22-5-2 and a phase shift- 
er 22-6 provided thereon, and a phase shifter setting 

20 power source 22-7 for controlling a phase shifting 
amount by the phase shifter 22-6. In this configura- 
tion of Fig. 22, the ring shaped optical resonator 22- 
4 is connected with the optical loop delay line 21-2 
through the optical coupler 22-5-1, and among the 

25 wavelength multiplexed signals entering from the opt- 
ical loop delay line 21-2 through the optical coupler 
22-5-1 , only the signal having a wavelength which co- 
incides with a wavelength corresponding to the reso- 
nance frequency of the ring shaped optical resonator 

30 22-4 is outputted to the output highway through the 
output port, while all the other signals are returned to 
the optical loop delay line 21-2. Here, the resonance 
frequency is determined by the optical path length of 
the ring shaped optical resonator 22-4, and can be ad- 

35 justed to a value corresponding to any desired wave- 
length by changing the optical path length of the ring 
shaped optical resonator 22-4 by the phase shifter 
22-6. Here, the phase shifting amount of the phase 
shifter 22-6 is adjusted at each timeslot by the phase 

40 shifter setting power source 22-7, such that the opt- 
ical packet of the wavelength predetermined for each 
timeslot alone can be selectively outputted to the out- 
put port at high speed. 

According to this photonic buffer memory conf ig- 

45 uratbn of Fig. 13, even when the wavelength multi- 
plexed optical packets addressed to the same destin- 
ation arrive simultaneously in a large capacity optical 
packet switch with the switch throughput in an order 
of Tbit/s in which the time series signals in an order 

50 of 100 Gbit/s are wavelength multiplexed for over 10 
wavelengths, these arriving optical packets can be 
converted into the predetermined wavelengths with- 
out converting them into the electrical signals and 
without causing any conflict, so that these optical 

55 packets can be inputted into the loop buffer in the wa- 
velength multiplexed state and the optical packets 
can be outputted from the loop buffer, selectively, 
one by one. 


10 


19 


EP0 639 015 A2 


20 


Moreover, by increasing a number of the reverse 
Banyan networks used for the optical routing network 

13- 1 and the self-routing control network 13-7, it is 
possible to construct the very large scale switch in 
which the hundreds of wavelengths can be multh 5 
plexed. In addition, as the processing speed of the 
electrical control circuits is several tens of times slow- 
er than the optical packet signal speed, so that the 
photonic buffer memory with little electrical band- 
width limitation can be realized. 10 

It is to be noted that the photonic buffer memory 
configuration of Fig. 13 can be modified into a modi- 
fied configuration shown in Fig. 14, which comprises: 
M pieces of tunable wavelength converters 14-1-1 to 

14- 1-M connected with M pieces of input ports 1-1 to 15 
l-M on its input side; an optical combiner 14-2 con- 
nected with the tunable wavelength converters 14-1- 

1 to 14-1-M on its input side; an optical loop buffer 14- 
3 connected with the optical combiner 14-2 on its in- 
put side; M pieces of optical packet detectors 14-4-1 20 
to 14-4-M connected with the input ports 1-1 to l-M; 
and a wavelength allocation network 14-6 connected 
with the optical packet detectors 14-4-1 to 14-4-M on 
its input side, and with each the tunable wavelength 
converter 14-1-1 to 14-1-M and the optical loop buffer 25 
14-3 on its output side. 

In other words, in this modified configuration of 
Fig. 14, the optical routing network 13-1 and the self- 
routing control network 13-7 in the configuration of 
Fig. 13 are omitted while the fixed wavelength con- 30 
vertors 13-2-1 to 13-2-N in the configuration of Fig. 
13 is replaced by the tunable wavelength converters 
14-1-1 to 14-1-M which are directly connected with 
the input ports 1-1 to l-M and directly controlled by the 
control packets from the wavelength allocation net- 35 
work 14-6. In addition, the optical multiplexer 13-3 in 
the configuration of Fig. 13 is replaced by the optical 
combiner 14-2 as the wavelengths of the output opt- 
ical signals of the tunable wavelength converters 14- 
1-1 to 14-1-M are tunable. 40 

When the input optical packets arrive from the in- 
put ports 1-1 to l-M, each of the tunable wavelength 
converters 14-1-1 and 14-1-M is controlled to pass or 
block the entering optical packet by the control signal 
(AC, RA) from the wavelength allocation network 14- 45 
6 so as to control the output wavelength, and to carry 
out an appropriate wavelength conversion to make an 
appropriate wavelength allocation. 

In this case, each of the tunable wavelength con- 
verters 14-1-1 to 14-1-M has an exemplary configur- so 
ation as shown in Fig. 20, which comprises: a tunable 
wavelength semiconductor laser 20-1 having a photo- 
current injection unit 20-1-1 at which the modulation 
is made directly by the optical signal power of the in- 
put optical packet entered into the photo-current in- 55 
jection unit 20-1 -1 , and an oscillation wavelength set- 
ting unit 20-1-2 connected with the photo-current in- 
jection unit 20-1-1 which changes the oscillation wa- 


velength setting of the tunable wavelength semicon- 
ductor laser 20-1 at each timeslot according to the RA 
field of the control signal so as to make the oscillation 
at the predetermined wavelength at each timeslot; 
and an optical gate switch 20-2 for selectively passing 
or blocking the optical packet according to the AC 
field of the control signal. 

In this modified configuration of Fig. 14, the opt- 
ical packet detectors 14-4-1 1 14-4-M, the wavelength 
allocation network 14-6, and the optical loop buffer 
14-3 are substantially equivalent to the correspond- 
ing elements in the configuration of Fig. 1 3 as descri- 
bed above. 

- Thus, this modified configuration of Fig. 14 has 
an advantage of realizing a compact photonic buffer 
memory configuration compared with the configura- 
tion of Fig. 13. 

It is also possible to adapt the configuration of 
Fig. 13 or Fig. 14 to multi-input multi-output configur- 
ation in an obvious manner. 

It is further to be noted that, besides those al- 
ready mentioned above, many modifications and va- 
riations of the above embodiments may be made 
without departing from the novel and advantageous 
features of the present invention. Accordingly, all 
such modifications and variations are intended to be 
included within the scope of the appended claims. 

Claims 

1. A photonic frequency routing type time division 
highway switch for switching optical signals on a 
plurality of time division input highways to output 
highways at each timeslot, comprising: 

a plurality of tunable frequency converter 
means for allocating frequency channels to the 
optical signals on the input highways at each 
timeslot; 

frequency router means for connecting the 
optical signals outputted from the frequency con- 
venor means to its outputs according to the fre- 
quency channels allocated to the optical signals 
at each timeslot; and 

a plurality of frequency multiplexed output 
buffer means for outputting the optical signals 
outputted from the frequency router means to the 
output highways such that a plurality of optical 
signals with different frequency channels which 
are in an identical timeslot are outputted at differ- 
ent timeslots. 

2. The photonic frequency routing type time divi- 
sion highway switch of claim 1, wherein the fre- 
quency router means includes: 

a plurality of input lines for entering the 
optical signals; 

a plurality of demultiplexers connected 
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with the input lines for demultiplexing the optical 
signals from the input lines; 

a plurality of output lines for outputting the 
optical signals; 

a plurality of multiplexers connected with 5 
the output lines for multiplexing the optical sig- 
nals from the demultiplexers; and 

a plurality of internal links for cross- 
connecting the demultiplexers and the multiplex- 
ers. 10 

3. The photonic frequency routing type time divi- 
sion highway switch of claim 1, wherein the fre- 
quency router means is an arrayed waveguide 
grating filter including: 15 

a plurality of input optical waveguides for 
entering the optical signals; 

a first slab shaped optical waveguide for 
receiving the optical signals from the in put optical 
waveguides; 20 

an arrayed waveguide grating formed by a 
plurality of channel waveguides having mutually 
different lengths, for receiving the optical signals 
from the first slab shaped optical waveguide; 

a second slab shaped optical waveguide 25 
for receiving the optical signals from the arrayed 
waveguide grating; and 

a plurality of output optical waveguides for 
outputting the optical signals from the second 
slab shaped optical waveguide. 30 

4. The photonic frequency routing type time divi- 
sion highway switch of claim 1, wherein the fre- 
quency router means includes: 

a plurality of frequency routers; and 35 
a plurality of internal links cross- 
connecting the frequency routers in multi-stages. 

5. The photonic frequency routing type time divi- 
sion highway switch of claim 1, wherein the fre- 40 
quency router means having M inputs and M out- 
puts connects each optical signal with a frequen- 
cy channel f ( from its j-th input to its k-th output 
such that 

i = (j + k) modulo M 45 
where M is an integer. 

6. The photonic frequency routing type time divi- 
sion highway switch of claim 1, wherein each of 

the frequency multiplexed output buffer means is so 
a photonic buffer memory for storing optical sig- 
nals randomly arriving from a plurality of input 
ports and outputting one of stored optical signals 
to an output port, including: 

an optical routing network for routing the 55 
optical signals from the input ports to different 
output lines according to orders of arrivals of the 
optical signals periodically; 


a plurality of fixed wavelength convenor 
means connected with the output lines of the opt- 
ical routing network, for converting wavelengths 
of the optical signals outputted from respective 
output lines of the optical routing network to re- 
spectively prescribed new wavelengths; 

an optical multiplexer for wavelength mul- 
tiplexing the optical signals outputted from the 
fixed wavelength converter means; 

an optical loop buffer for buffering the wa- 
velength multiplexed optical signals outputted 
from the optical multiplexer; 

a plurality of optical signal detectors for 
detecting optical signals from the input ports and 
generating electrical signals indicating a pres- 
ence/absence of an optical signal from each input 
port; 

a wavelength allocation network for gen- 
erating control signals indicating the output lines 
of the optical routing network to which the optical 
signals from the input ports are to be routed ac- 
cording to the electrical signals generated by the 
optical signal detectors; and 

a self-routing control network for specify- 
ing optical signal paths in the optical routing net- 
work according to the control signals generated 
by the wavelength allocation network. 

7. The photonic frequency routing type time divi- 
sion highway switch of claim 1 , wherein each of 
the frequency multiplexed output buffer means is 
a photonic buffer memory for storing optical sig- 
nals randomly arriving from a plurality of input 
ports and outputting one of stored optical signals 
to an output port, including: 

a plurality of tunable wavelength conver- 
ter means connected with the input ports, for con- 
verting wavelengths of the optical signals en- 
tered from the respective input ports to new wa- 
velengths according to orders of arrivals of the 
optical signals periodically; 

an optical combiner for combining the opt- 
ical signals outputted from the tunable wave- 
length converter means to obtain wavelength 
multiplexed optical signals; 

an optical loop buffer for buffering the wa- 
velength multiplexed optical signals outputted 
from the optical combiner; 

a plurality of optical signal detectors for 
detecting optical signals from the input ports and 
generating electrical signals indicating a pres- 
ence/absence of an optical signal from each input 
port; 

a wavelength allocation network for gen- 
erating control signals for controlling the tunable 
wavelength convertor means by indicating the 
new wavelengths to which the wavelengths of the 
optica) signals from the input ports are to be con- 
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verted according to the electrical signals gener- 
ated by the optical signal detectors. 

A photonic frequency routing type time division 
highway switch for switching optical signals on a s 
plurality of time division input highways to output 
highways at each timeslot, comprising: 

a plurality of photonic frequency routing 
type time division highway switch modules, each 
module including: 10 

a plurality of tunable frequency 
converter means for allocating frequency chan- 
nels to the optical signals on its inputs at each 
timeslot; 

a frequency router for connecting 15 
the optical signals outputted from the frequency 
converter means to its outputs according to the 
frequency channels allocated to the optical sig- 
nals at each timeslot; and 

a plurality of frequency multiplexed 20 
output buffer means for outputting the optical sig- 
nals outputted from the frequency router to the 
output highways such that a plurality of optical 
signals with different frequency channels which 
are in an identical timeslot are outputted at differ- 25 
ent timeslots; and 

a plurality of internal links for cross- 
connecting the photonic frequency routing type 
time division highway switch modules in multi- 
stages. 30 

A photonic frequency routing type time division 
highway switch for switching optical signals on a 
plurality of time division input highways to output 
highways at each timeslot comprising: 35 

a first stage photonic frequency routing 
type time division highway switch module, includ- 
ing: 

a plurality of first stage tunable fre- 
quency converter means for allocating frequency 40 
channels to the optical signals on the input high- 
ways at each timeslot; and 

a first stage frequency router for 
connecting the optical signals outputted from the 
first stage frequency converter means to its out- 45 
puts according to the frequency channels allocat- 
ed to the optical signals at each timeslot; 

a last stage photonic frequency routing 
type time division highway switch module, includ- 
ing: so 

a plurality of last stage frequency 
switch means for selectively switching the fre- 
quency channels of the optical signals on its in- 
puts at each timeslot; and 

a last stage frequency router for 55 
connecting the optical signals outputted from the 
last stage frequency switch means to its outputs 
according to the frequency channels allocated to 


the optical signals at each timeslot; and 

a plurality of last stage frequency 
multiplexed output buffer means for outputting 
the optical signals outputted from the last stage 
frequency router to the output highways such that 
a plurality of optical signals with different fre- 
quency channels which are in an identical time- 
slot are outputted at different timeslots; 

a plurality of intermediate stage photonic 
frequency routing type time division highway 
switch modules, each module including: 

a plurality of intermediate stage fre- 
quency switch means for selectively switching 
the frequency channels of the optical signals on 
its inputs at each timeslot; and 

an intermediate stage frequency 
router for connecting the optical signals output- 
ted from the intermediate stage frequency switch 
means to its outputs according to the frequency 
channels allocated to the optical signals at each 
timeslot; and 

a plurality of frequency multiplexed inter- 
nal links for cross-connecting the first, last, and 
intermediate stage photonic frequency routing 
type time division highway switch modules in 
multi-stages. 

10. The photonic frequency routing type time divi- 
sion highway switch of claim 9, wherein each of 
the last and and intermediate stage frequency 
switch means includes: 

a splitter for distributing the optical signals 
on its inputs; ^ 

a plurality of frequency selector means for 
selecting the optical signals from the splitter; 

a plurality of tunable frequency converter 
means connected with the frequency selector 
means for allocating frequency channels to the 
optical signals on its inputs at each timeslot; and 

a combiner for combining the optical sig- 
nals from the frequency converter means. 
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